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ABSTRACT 
 
 Deltaic marshes of the Mississippi River in Louisiana disappeared at a rate of 88 
km2 annually from 1956 to 2000 (Barras et al. 2003) as marshes become inundated by sea 
water.  Marsh surface elevation varies spatially and temporally due to fluvial sediment 
deposition, resuspension, erosion, compaction, sea level rise, and organic matter 
accumulation and decomposition.  If net accretion from sediment deposition and/or peat 
production is insufficient, marshes respond to sea level rise by migrating landward.  
Since human development prevents landward migration of marsh in Breton Sound Basin, 
Louisiana, marsh sustainability can only be achieved if vertical accretion keeps pace with 
a relative sea level rise of 10 mm/yr so that marsh surface elevation is maintained within 
the tidal range. 
Measurement time scale and changing influences on marsh sediment were 
considered in an assessment of the long-term sustainability of Breton Sound marsh based 
on comparison of the rate of relative sea level rise to measured accretion rates.  Six cores 
(~4 m long each) were collected in Breton Sound and a combination of three 
radioisotopes, as well as stratigraphic analysis were used to measure accretion rates and 
identify evidence of historical river effects and storms.   
 Net accretion rates over recent short-term (decadal) and long-term 
(centennial/millennial) time scales were measured using 210Pb, 137Cs, and 14C dating.  
Long-term mean accretion based on 14C dating was highly variable (3.5 mm/yr, σ=4.5).  
Three 210Pb rates were recovered, averaging 4.3 mm/yr (σ=1.9).  Accretion rates 
measured using 137Cs averaged 7.7 mm/yr (σ=2.3).  Rates of sediment accretion are 
ultimately insufficient to offset relative sea level rise, especially after allowing for 
sediment volume reduction encountered over the long term.  The combined effects of 
 vii 
reduced fluvial input, rising sea level, and prevention of landward marsh migration create 
an environment that is inherently unstable.
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1. INTRODUCTION 
 
1.1. Background and Significance 
 From the Mekong delta in southeast Asia to the Nile delta in the Mediterranean 
Sea, deltaic coastlines are disappearing at an alarming rate, due in part to human activity.  
Deltaic marshes of the Mississippi River in Louisiana are no exception, where an average 
of 88 km2 of land was lost annually from 1956 to 2000 (Barras et al. 2003).  Elements of 
culture, ecology, and the economy are dependent on Louisiana wetlands and are 
threatened along with coastal land.  Wetlands represent the world’s largest biological 
carbon pool (Chmura et al. 2003).  Additionally, the temperate latitudes (30° to 60°) are 
the most active sinks for atmospheric carbon (Markevich et al. 1998).  The Mississippi 
River delta sits within this critical zone of carbon uptake and sequestration.  This rich 
wetland landscape also provides crucial habitat and food for fish and wildlife, plays a role 
in chemical transformation and improving water quality, and buffers storm energy.  
Furthermore, Louisiana wetlands contribute billions of dollars to the economy by 
supporting the fish, fur, and petroleum industries as well as recreation.  Understanding 
the processes that control this system's sustainability has worldwide significance. 
 Marsh loss is natural as part of the abandonment stage of the delta cycle (Roberts 
1997) following river switching and subsequent loss of freshwater and mineral input.  
However, under ideal conditions, marsh loss slows and may even reach equilibrium with 
relative sea level rise due to reworked sediment and organic matter accretion (Reed 
2002).  An optimal rate of sea level rise exists for every marsh at which vegetation 
adjusts productivity to maintain elevation equilibrium (Morris et al. 2002).  This 
equilibrium of sea level rise and vertical accretion without fluvial input requires gradual 
rates of rising sea level.  If rising sea level does cause retreat of marsh, the marsh 
migrates landward and there is no net loss.  Salt marsh gradually succeeds brackish and 
 2 
intermediate marshes, which in turn succeed freshwater marsh.  Consequently, marsh 
sustainability can be achieved in two ways without fluvial input: accretion of organic 
matter and reworked sediments or landward migration.  However, in coastal Louisiana, 
local sea level rise occurs too rapidly for marsh vegetation to adjust.  Instead, a positive 
feedback loop of plant stress and increased flooding leads to plant mortality (DeLaune et 
al. 1994).  Furthermore, human development along the coast has impeded the succession 
process by blocking the landward migration of marsh.  In Breton Sound, anthropogenic 
activity during the 20th century has also accelerated land loss within the marsh. Oil and 
gas extraction contributes to subsidence, artificial levees cut off riverine sediment supply 
from pulsed flooding events, and canals and spoil banks stress vegetation by further 
altering hydrology. 
 Accretion, defined as vertical accumulation of organic and mineral soil matter 
(DeLaune 2004), must keep pace with relative sea level rise so that elevation of the marsh 
surface is maintained within the tidal range.  When marsh elevation falls below the tidal 
range, inundation results in peat collapse and sediment erosion.  Even if raised sea level 
only occurs over a subdecadal period, marsh elevation may decrease beyond recovery 
(DeLaune et al. 1994).  Surface elevation varies spatially and temporally throughout a 
coastal marsh ecosystem as a result of many processes, including deposition, 
resuspension, erosion, compaction, sea level rise, and organic matter accumulation and 
decomposition. 
 Within northern Gulf of Mexico salt marsh systems, particularly associated with 
the Mississippi River, fluvial delivery of mineral sediment is key to marsh sustainability 
because relative sea level rise is too high for equilibrium with organic productivity and 
human development along the coast prevents inland marsh migration.  Mineral sediment 
from river input or resuspended from bottom sediments in the estuary during storms may 
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raise marsh elevation.  Additionally, it stimulates organic matter accretion by introducing 
both nutrients that fertilize plant growth as well as iron, which precipitates phytotoxic 
sulfide (reduced from sulfate in sea water), generating higher productivity (DeLaune et 
al. 2003).  In the modern Mississippi deltaic environment, organic matter from detrital 
accumulation and underground root biomass defines the rate of short-term vertical 
accretion in Louisiana marshes (Hatton et al. 1983), especially because artificial levees 
funnel sediment delivery offshore and away from marshes.  Organic accretion decreases 
over the long term as organic constituents undergo high compaction (compression, 
dewatering, and decomposition) relative to inorganic sediments.  
 Compaction of Holocene sediments may be the largest component of relative sea 
level rise in Louisiana, and marsh loss is primarily due to high relative sea level rise 
rather than low accretion (DeLaune et al. 2004, Törnqvist et al. 2006, Törnqvist et al. 
2008).  Tectonic activity, compaction of deep sediments, including tectonic 
downwarping, and fluid withdrawals by humans also contribute to subsidence.  Relative 
sea level rise is local subsidence in addition to eustatic sea level rise, which is predicted 
to accelerate and play a more significant role in marsh submergence in the near future 
(Rosenzweig et al. 2007). 
 An assessment of short and long term accretion rates is critical to our 
understanding of  the processes affecting surface elevation, as well as the degree of 
wetland loss and change required to achieve our long-term goal of maintaining wetland 
ecosystems for economic, recreational, and resource conservation purposes.  The study 
presented herein is designed to answer the following two primary questions: 
 1. How do recent short-term sediment accretion rates over the 20th century 
 compare to long-term accretion rates over the last thousand years in Breton 
 Sound, Louisiana? 
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 2. What do these accretion rates imply for modern coastal sustainability? 
 The hypothesis was that short-term accretion rates are inflated, and thus less 
representative of long-term marsh sustainability than long-term rates, which were 
expected to be considerably less than the rate of sea level rise.  A combination of three 
radioisotopes, 137Cs, 210Pb, and 14C, as well as stratigraphic analysis were used to measure 
accretion rates and identify event deposits related to historical river crevasses and storms.  
Accretion rates are compared to other studies in coastal Louisiana and worldwide to gain 
perspective on sustainability of deltaic wetlands in the face of relative sea level rise and 
global climate change. 
1.2. Study Site Description 
 Breton Sound Basin is an estuary on the east bank of the Mississippi River south 
of New Orleans.  The estuary is bordered along the southwest by the Mississippi River 
and on the northeast by the Mississippi River Gulf Outlet and flows through two 
dominant channels 40 to 60 km to the Gulf of Mexico.  The land surface area of 1100 
km2 ranges from fresh marsh in the northwest to saline marsh in the southeast (Lane et al. 
2004).  Salinity approaches that of seawater in the salt marsh that dominates most of the 
land in Breton Sound, where vegetation is comprised exclusively of Spartina alterniflora 
and isolated clumps of Juncus roemarianus.  Fresh marsh vegetation, including Panicum 
hemitomon and Sagittaria spp., is more diverse.  Intermediate marsh is dominated by 
Spartina patens.  Primarily diurnal tides have a tidal range of 0.3 m. 
 The Mississippi River is the dominant geologic influence on the Breton Sound 
landscape.  Central North America from the Rockies to the Appalachians has drained into 
the Gulf of Mexico since the Cretaceous Period 100 million years ago via the ancient 
Mississippi and its predecessors.  Resulting deposition has pushed the shelf edge out 
several hundred kilometers, especially during periods of low sea level, from as far north 
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as Arkansas and Tennessee (Suter and Berryhill 1985). 
 During the slow sea level rise of the Holocene, a series of delta complexes were 
formed by the deposition of Mississippi River sediments onto pre-Holocene sediments 
(Fig. 1).  Remnants of these delta complexes form present-day southeastern Louisiana.  
As summarized by Roberts (1997), delta complexes are formed in succession as part of 
the delta cycle, which consists of gradual stream capture and an initial phase of delta 
growth followed by a steady-state phase and eventual abandonment of the channel in 
favor of a more efficient path and resulting delta deterioration.  Breton Sound is part of 
the St. Bernard delta complex, which prograded roughly 4,000 and 2,000 years before 
present, as well the modern Balize complex, which originated when the Mississippi River 
changed course about 1000 years ago.  Thus, Breton Sound is on the overlapping area of 
the Balize and St. Bernard deltaic complexes with approximately 1,000 years in between 
periods of progradation.  Channel abandonment when the Mississippi River began its 
course to the LaFourche delta 2,000 years before present and again during the 20th 
century led to some submergence of the St. Bernard delta and the formation of Breton  
 
Figure 1. Delta complexes of the Mississippi River formed during the Holocene (Roberts 
1997).  Breton Sound marsh is highlighted. 
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Sound Basin’s present topography, a network of small distributaries and marsh islands 
flanked by the Chandeleur Islands. 
The construction of man-made levees more permanently sealed off the basin from 
its primary source of freshwater, sediment, and nutrients in the late 1800s and early 
1900s.  Federally funded levee construction began with the Mississippi River 
Commission created by the United States Congress in 1879, which appointed the Army 
Corps of Engineers with the task of defending the public from floods.  The catastrophic 
100-year flood of 1927 increased public demand for levee protection and the Flood 
Control Act of 1936 committed the U.S. federal government to the construction and 
maintenance of unbreachable artificial levees along the entire Mississippi (Austin 2006).  
Cut off from the river by man-made levees, most of the freshwater marsh in Breton 
Sound slowly yielded to brackish, intermediate, and salt marshes as salt water intrusion 
has overwhelmed the ecosystem, although freshwater marsh remains in northern Breton 
Sound. 
Breton Sound Estuary was reconnected to the Mississippi River in 1991 when the 
Caernarvon Freshwater Diversion was opened as a salinity management tool for the 
oyster fishery.  The freshwater diversion has the capacity to discharge 8000 cfs-1, 
however, precipitation still serves as the primary source of freshwater to the estuary 
(Hyfield et al. 2008).  Because river water diverted through Caernarvon imitates to a 
small degree the historic pulsed riverine input of freshwater, nutrients, and sediment, 
research by many scientists has explored the potential of the diversion as a restoration 
tool.  One obstacle to Caernarvon’s efficacy as a restoration tool is sediment loading in 
the Mississippi River, which is significantly less today than prior to the 20th century due 
to the construction of dams and levees. 
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2. METHODS 
2.1. Core Collection 
 Six vibracores (each about 4 m long) were collected from the marsh adjacent to 
the two dominant channels flowing from the head of the estuary near the diversion to the 
Gulf of Mexico, which functioned as two transects (Fig. 2).  Sites were selected based on 
marsh robustness, distribution along the estuary axis, and the extent of historical crevasse 
splays.  Two sites were selected in the lower estuary at Four Horse Lake (east) and south 
River aux Chenes (west), which were anticipated to have more influence from storm 
deposits.  Two sites were selected mid-estuary at Bayou Gentilly (east) and Orange 
Bayou (west) as the lateral extent of the 1927 flood deposits.  Two sites were selected in 
the upper estuary off Bayou Mandeville (east) and Delacroix Canal (west) where deposits 
were expected to be most influenced by river crevasses and the diversion.  Compaction 
from core collection was measured in the field before extraction by taking the difference 
in length between the inside and outside of the upper core tube to the ground surface.  
Cores were capped, labeled, and returned to the Sedimentology Laboratory at Louisiana 
State University (LSU) for processing.  At LSU the cores were cut every 1.5 meters, 
labeled for location and orientation, and split into halves lengthwise with a circular saw.  
One half of each core was archived for reference and stored at 4°C while the other half 
was reserved for sampling. 
2.2. Physical Properties 
 
 Initially, cores were logged on a GEOTEK multi-sensor split core logger for 
imaging and measuring porosity in 1-cm intervals.  In a comparison between porosity 
sensed by the core logger and porosity measured in the lab (discussed below), it was 
noted that core logger porosity was consistently 15% high.  Thus porosity data from core 
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Figure 2. Breton Sound Estuary with core collection sites. 
 
 
logger output were adjusted by 15%.  Each core was also manually described for 
stratigraphy based on appearance and texture. 
 Percent organic matter (%OM) was determined for twenty-eight zones in the 
cores.  Samples were dried to constant weight, and then 1 to 2 grams of dry sediment 
from each sample was ashed at 550°C.  The percentage lost during combustion was 
calculated as percent loss on ignition (%LOI), assuming the mineral content of the 
sediment would remain behind.  Percent OM was calculated from %LOI by the 
following: OM = (0.7 x LOI) - 0.23 (Heiri et al. 2001).  Among replicate analyses of four 
representative samples ranging from 1.0 to 50.% OM, replicate %OM was within 8%. 
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 Grain size was measured by sieving and pipette analysis after Milner (1962) and 
Folk (1981) for twenty-three distinct stratigraphic layers.  Peat layers were avoided 
because organic matter skews grain size results.  Samples were dried to constant weight, 
and approximately 10 g dry sediment per sample was added to 50 mL centrifuge tubes 
with 25 mL .05% sodium metaphosphate solution.  The tubes were soaked and shaken to 
disaggregate the clay fraction.  Coarse material (sand and occasional roots coarser than 
4φ) was separated with a 62-µm sieve and dried.  Fine material that passed through the 
sieve was combined with sodium metaphosphate solution to fill a 1000-mL graduated 
cylinder.  After agitating the cylinder to suspend the sediment particles, a 20-mL pipette 
was used to extract solution from 20 cm deep after 20 seconds and again after one hour 
51 minutes.  The first 20 mL withdrawal contained both silt and clay particles (grain size 
diameter between 4φ and 8φ), while the second contained only clay particles (sediment 
finer than 8φ), since the coarser particles had already settled at a rate given by Stokes’ 
Law.  Both withdrawals were dried and weighed.  Percent sand was calculated as 100 S / 
(S+F), where S is the weight of the dried coarse material and F is 50 times the dry weight 
of the first pipette withdrawal, since 1/50 of the total fine material solution was 
withdrawn.  Percent silt was found from 100 (F-P) / (S+F), where P is 50 times the dry 
weight of the second pipette withdrawal.  Percent clay was calculated as 100 minus 
percent silt.  Accuracy was assessed by comparing the cumulative weight of the sub-
samples (S+F) to the weight of the original sample. 
 Sediment grain density, porosity, and wet bulk density were measured in 2-cm 
increments in the upper 50 cm of each core.  Grain density of sediment was determined 
via a displacement method where an aliquot of wet sediment (~10 g) was added to a 25-
mL graduated cylinder filled with a known volume (~12 mL) of deionized water.  The 
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mass of the added sediment divided by the volume of water displaced represented the 
sediment grain density.  Porosity was calculated from measurements of grain density and 
the fraction of water in the sediment using the following equation: 
 ηe =           (fwet ρw)  
         (fwet ρw) + (fdry ρgrain) 
 
where ηe = porosity, fwet and fdry are the fraction of water and dry sediment, respectively, 
and ρw and ρgrain are the density of water and grain density, respectively, for 20oC.  Bulk 
density, ρbulk, was determined from these data using the following relationship: 
 ρbulk = (ηe ρw) + [(1 – ηe) ρgrain)] 
2.3. 210Pb and 137Cs Dating 
 Sediment geochronology was determined at two scales: (1) recent 100-year 
deposition rates using 210Pb (t1/2 = 22.3 y) and 137Cs(t1/2 = 30.2 y), and (2) long-term 
1,000-year deposition rates using 14C (t1/2 = 5,570 y).  The radioisotope 210Pb is a 
daughter nuclide from the 238U decay series.  As 226Ra (t1/2 = 1620 y) in sediment and 
rock decays to 222Rn (t1/2 = 3.83 d), it escapes into the atmosphere as a gas and 
subsequently decays to 210Pb, which is highly particle reactive and is scavenged by 
aerosols during wet or dry atmospheric deposition.  When deposited on land, 210Pb may 
be buried or swept by runoff into water bodies.  When deposited over water, 210Pb will be 
deposited in sediments with settling particles.  Consequently, 210Pb and other nuclides 
derived from atmospheric deposition make excellent geochemical tracers of particle 
settling and sediment accumulation rates.  Where rapid sediment accretion (typically 
about 1 cm/yr) continually buries the atmospheric flux of 210Pb, the 210Pb activity in 
excess of that activity supported by in-situ decay can be measured to reveal the rate of 
sediment accretion over the past 100 years (Fig. 3).  Researchers typically use 210Pb 
dating in conjunction with 137Cs dating for verification. 
 11 
 
 
 
Figure 3. Representative 210Pb profile, before and after natural log transformation, from 
core LW.  The mixing depth extends from the surface to 17 cm in this core, and 210Pb 
activity below 29 cm is supported by in situ decay. 
 
 Whereas 210Pb is derived from primordial 238U and occurs naturally, 137Cs is an 
artificial radionuclide produced from collision with high-energy neutrons from the fission 
reaction during an atomic bomb explosion.  Atomic bomb testing in the 1950s and 60s 
released a pulse of 137Cs to the atmosphere, where this particle-reactive element adsorbed 
to aerosols and was deposited and buried in soil similar to 210Pb.  The atomic bomb 
testing peaked in 1959 and again, more dramatically, in 1963/1964, after which an 
international treaty called for the cessation of testing in industrial nations.  The peak in 
137Cs activity found internationally in the sediment record is generally assumed to 
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correspond to 1963/1964. 
 For 210Pb and 137Cs dating, the top 100 cm of each core was sliced into 2-cm 
increments.  Each sediment sample was weighed, dried at 60˚C and weighed again until 
the dry weight was constant.  The oven-dried samples were homogenized, carefully 
packed into vials, and sealed.  After a 3 to 4 week ingrowth period, the 210Pb parent 
isotope 226Ra reaches equilibrium with its daughters 214Bi (t1/2 = 19.9 m) and 214Pb (t1/2 = 
26.8 m).  Total 210Pb and 137Cs decay activity were determined via gamma spectrometry 
on a Canberra well germanium detector for 48 hours each.  Total 210Pb was subsequently 
corrected for supported 210Pb activity using 226Ra in secular equilibrium as a proxy, and 
the resulting excess 210Pb activity as well as 137Cs activity were corrected for decay that 
occurred between the collection date and count date. 
 The constant flux: constant sedimentation rate (CF:CS) model was applied here to 
determine 210Pb sediment accretion rates.  Assumptions of the CF:CS model include 
reasonably constant atmospheric deposition of 210Pb when averaged over several years in 
addition to constant rate of material accumulation over the time interval studied (Appleby 
and Oldfield 1992).  The natural log of excess 210Pb activity is plotted versus depth and 
simple linear regression gives a slope, m, between the  surface mixing layer and the 
deeper supported 210Pb activity.  The sedimentation rate is obtained from -λ / m, where λ 
is 0.045 yr -1, the decay constant for 210Pb.  All accretion rates were corrected for 
compaction that occurred during vibracoring (see Table 4). 
2.4. Radiocarbon Dating 
 Radiocarbon is formed in the upper atmosphere when stable 14N molecules collide 
with high-energy neutrons from cosmic ray activity to form 14C in the following n,p 
reaction (Dickin 1995): 
 13 
 14N + n → 14C + p. 
The 14C then reacts with O2 to form 14CO2.  14CO2 is rapidly mixed into the atmosphere 
and hydrosphere.  It enters the biosphere through photosynthesis.  When an organism 
dies, it stops consuming radiocarbon.  14C decays by negatron beta decay (and is not 
replenished) in the following reaction: 
 14C → 14N + β- + vQ 
where Q=0.156MeV (Bowman 1990).  Thus, the proportion of 12C and 13C (the dominant 
isotopes of C) can be compared to the remaining 14C to find the period since the organism 
stopped consuming carbon. 
This model assumes that the amount of radiocarbon in the atmosphere has 
remained temporally and spatially constant.  However, adjustments need to be made to 
meet these assumptions, as discussed by Faure (1977).  Cosmic ray activity and 
subsequent capture of high-energy neutrons by gaseous nitrogen increases with altitude 
as well as latitude, but some research has shown that 14C activity is not affected due to a 
rapid mixing in the atmosphere of about two years.  Another complication is that 
variation over time in the activity of the sun, the Earth’s magnetic field, as well as climate 
and subsequent carbon reservoirs have collectively caused a departure of up to10% from 
nineteenth century 14C activity levels over the last 30,000 years.  One of these specific 
variations is the “de Vries effect,” a 2% increase in radiocarbon activity around 1500 and 
1700 AD.  Recent anthropogenic changes have been influential as well.  The “Suess 
effect” is a 2% activity decrease in the first half of the twentieth century as a result of 
fossil fuel combustion, which emits CO2 depleted in 14C into the atmosphere.  Since 
1945, however, 14C activity in the atmosphere has increased due to atomic weapons 
testing and nuclear reactors. 
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Eighteen samples of organic material were collected from deeper in the cores to 
be dated using 14C.  Four samples were taken from peat layers and fourteen samples were 
partially decomposed wood and plant remains embedded in sediment deposits.  Samples 
for 14C dating were dried to constant weight and packaged using carbon-free sterilized 
instruments, surfaces, and packaging.  Samples were then shipped to the Woods Hole 
Oceanographic Institution (WHOI) National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) laboratory for analysis.  Accelerator mass spectrometry 
distinguishes the isotope 14C from 12C and 13C by atomic weight. 
In order to report “conventional” radiocarbon ages consistent with Stuiver and 
Pollach’s assumptions, standards, and corrections (1977), fraction modern (the deviation 
of the 14C/12C ratio of the sample from the modern standard), δ13C (which accounts for 
the natural C isotope fractionation during photosynthesis), the oxalic acid standard base 
year of 1950, and decay between collection and measurement were all incorporated into 
final corrected 14C ages.  Fraction modern (Fm) and year of collection (Yc) were 
corrected for by the following: 
Δ14C = 1000 x [ Fm *e^( -0.000121 * (Yc -1950)) - 1 ] 
The age of a sample is corrected for δ13C with the following, where fractionation 
difference between 13C and 14C is twice that of 12C and 13C: 
Acorr = Ameas [ 1 - < 2 ( δ13C + δ13CPDB ) > / 1000 ], 
expressed in units of dpm/g (Faure 1977). 
2.5. Carbon Isotope Fractionation 
 The ratio of 13C to 12C in historic sediment can be used as a proxy to determine 
the plant community and corresponding salinity regime.  C4 plants, typically grasses, 
have a photosynthetic pathway not exhibited by C3 plants.  The Hatch-Slack pathway 
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causes plants to discriminate more against heavy carbon isotopes such that C3 plants will 
exhibit heavier δ13C than C4 plants (Chmura and Aharon 1995).  The measured ratio of 
13C to 12C (expressed relative to the Pee Dee Belemnite standard in parts per thousand) 
reveals the type of plant by how much it prefers isotopically lighter C.  The δ13C ratio 
typically ranges from -23 to -34‰ for C3 plants and -9 to -17‰ for C4 plants (Chmura 
and Aharon 1995). 
 Grasses evolved the C4 pathway in arid environments, allowing them to more 
efficiently use CO2 and conserve water, and the salty environment of a tidal salt marsh is 
analogous to arid conditions (Malamud-Roam and Ingram 2001).  In south Louisiana, 
vegetation is monochromatic in salt and brackish marshes, dominated by Spartina 
alterniflora and S. patens, respectively.  Using δ13C to determine plant assemblages is 
applicable to areas like Louisiana with its large areas of monospecific vegetation and 
where anaerobic conditions prevent decomposition and microbial alteration of organic 
matter (DeLaune et al. 1986).  Thus, the δ13C ratios determined for each of the eighteen 
14C samples at WHOI were used with the corresponding 14C ages to estimate periods of 
Mississippi River freshwater input to the study area. 
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3. RESULTS 
3.1. Physical Properties 
 Compaction from core collection was lowest in the Upper West core at 11.5% and 
highest in the Upper East core at 27.0% (Table 1).  Some compaction variance may have 
been due to differences in soil types, but inconsistent downward force applied to the 
vibracore also influenced compaction.  To adjust accretion rates, compaction was 
assumed constant with depth and was averaged throughout the core.  However, 
compaction is actually non-linear and would have been greatest in the top portion of the 
core and in fine-grain sediment layers. 
 Organic matter ranged from 0.46% in sandy sections to 58% in peat material for 
all samples analyzed (Table 2).  Grain size ranged from clean sands (91% coarser than 
4φ) to clays with 84% finer than 8φ (Table 3).  Weight of the sub-sampled material after 
 
Table 1. General core information. Core name, location within Breton Sound, geographic 
coordinates, distance from the Caernarvon Freshwater Diversion, final length of core, and 
% compaction. 
 
Core 
ID 
Location 
Latitude, 
Longitude 
Distance 
from 
Caernarvon 
Length Compaction 
Upper 
West 
Delacroix 
Canal 
29 49.108' N, 
89 55.866' W 
5.1 km 3.24 m 26.72% 
Upper 
East 
Bayou 
Mandeville 
29 49.387' N, 
89 53.503' W 
4.6 km 3.86 m 11.50% 
Middle 
West 
Orange 
Bayou 
29 41.167' N, 
89 51.691' W 
20.0 km 3.74 m 14.76% 
Middle 
East 
Bayou 
Gentilly 
29 45.027' N, 
89 47.838' W 
16.5 km 3.44 m 21.23% 
Lower 
West 
River Aux 
Chenes 
29 38.472' N, 
89 44.132' W 
29.7 km 3.38 m 19.87% 
Lower 
East 
Four Horse 
Lake 
29 42.438' N, 
89 41.475' W 
27.3 km 3.65 m 14.69% 
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Table 2. Percent organic matter by percent loss on ignition. 
Core Depth LOI (%) OM (%) 
UW 15 47 33 
UW 45 15 10. 
UW 90 84 58 
UW 145 8.0 5.4 
    
UE 4 20. 14 
UE 60 3.0 1.9 
UE 125 72 50. 
UE 215 20. 14 
UE 240 44 31 
UE 355 1.8 1.0 
    
MW 75 41 29 
MW 140 9.7 6.6 
MW 310 4.2 2.7 
MW 315 3.0 1.8 
    
ME 4 31 21 
ME 23 23 16 
ME 38 63 44 
ME 50 26 18 
ME 135 0.99 0.46 
ME 270 5.3 3.5 
    
LW 60 7.9 5.3 
LW 140 4.0 2.6 
LW 325 4.7 3.0 
    
LE 65 13 9.1 
LE 110 54 37 
LE 127 24 16 
LE 230 2.3 1.4 
LE 297 7.2 4.8 
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Table 3. Grain size. Dry weight of coarse material, dry weight of fines extracted in 20 mL 
pipette, dry weight of clay extracted in 20 mL pipette, and the grain size percentage of 
total sample. Sand and find roots have grain size diameter less than 4 φ, silt is between 4 
and 8 φ, and clay particle diameter is over 8 φ. 
 
Core 
Depth 
(cm) 
Coarse 
Weight 
(g) 
Fines 
Weight 
(g) 
Clay 
Weight 
(g) 
% >8 φ 
% >4, 
<8 φ 
% <4 φ 
UW 1 2.26 0.09 0.05 33.43 29.59 36.98 
UW 32 0.73 0.17 0.11 7.91 32.50 59.59 
UW 122 0.33 0.19 0.14 3.36 25.43 71.21 
        
UE 174 1.29 0.07 0.06 26.93 10.44 62.63 
UE 200 0.78 0.18 0.11 7.98 35.79 56.24 
UE 212 0.62 0.17 0.12 6.80 27.41 65.79 
UE 268 2.05 0.14 0.08 22.65 33.15 44.20 
UE 5 0.86 0.08 0.03 17.70 51.44 30.86 
UE 55 1.02 0.16 0.04 11.31 66.52 22.17 
UE 79 0.48 0.16 0.07 5.66 53.07 41.27 
UE 315 2.22 0.11 0.07 28.76 25.91 45.34 
UE 371 1.04 0.16 0.03 11.50 71.90 16.59 
        
MW 78 0.7 0.08 0.04 14.89 42.55 42.55 
MW 135 0.59 0.19 0.16 5.85 14.87 79.29 
        
ME 12 2.64 0.13 0.05 28.88 43.76 27.35 
ME 45 0.47 0.17 0.15 5.24 11.15 83.61 
ME 143 9.15 0.02 0 90.15 9.85 0.00 
ME 290 0.18 0.21 0.13 1.69 37.45 60.86 
        
LW 64 0.62 0.18 0.1 6.44 41.58 51.98 
LW 142 1.69 0.15 0.06 18.39 48.97 32.64 
        
LE 65 2.35 0.11 0.04 29.94 44.59 25.48 
LE 225 8.81 0.02 0.02 89.81 0.00 10.19 
LE 295 0.68 0.17 0.06 7.41 59.91 32.68 
 
 
sieving and pipette withdrawal averaged 0.95 of the original weight (σ=0.058).  In the 
upper 50 cm, porosity measured manually in the lab ranged from 0.45 to 0.86 and 
averaged 0.74 (σ=0.09).  Porosity throughout the whole cores measured by the GEOTEK 
core logger ranged from 0.17 to 0.94 with average 0.52 (σ=0.21).  To compare porosity 
within sediments used for short-term (decadal) and long-term (centennial to millennial) 
dating, mean porosities from 0 to 50 cm was tested against mean porosities from 0 to the 
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depth of the lowest 14C sample for each core.  The six cores were treated as blocks.  Mean 
porosities between the two depth intervals were significantly different (p=0.0131). 
3.2. Geochemical Properties 
 210Pb activity did not decrease with depth in three of the six cores (UW, UE, and 
MW).  In cores ME, LW, and LE, sediment accretion rates determined from 210Pb dating 
ranged from 0.257 to 0.628 cm/yr (after correcting for compaction) (Table 4).  Cores 
from the lower basin had lower 210Pb accretion rates with 0.401 cm/yr in the Lower West 
and 0.257 cm/yr in the Lower East (Fig. 4). 
 Each of the six cores had a distinct peak in 137Cs activity in the upper sediments 
(Fig. 5).  137Cs accretion rates ranged from 0.469 to 1.125 cm/yr.  Following a similar 
pattern to the 210Pb rates, accretion increased with proximity to the diversion except in the 
Middle East core, which had the lowest 137Cs accretion rate.  Cores from the upper marsh 
had accretion rates of 0.886 and 0.841 cm/yr while accretion rates from the lower marsh  
were 0.523 and 0.614 cm/yr.  The 137Cs accretion rates were lower than 210Pb accretion 
rates in the Middle East core, but higher in the Lower West and Lower East cores. 
 Comparing 137Cs profiles and inventories in this study to ideals aids in 
interpretation of the sediment record.  Milan et al. (1995) calculated an ideal 137Cs 
inventory for South Louisiana based on records of air quality and 90Sr deposition.  After 
applying the exponential law of decay to update their results to 2007 levels, the ideal 
inventory is predicted to be 31 mCi/km2.  While 137Cs activity in Milan et al.’s (1995) St. 
Bernard basin cores averaged 20% higher than the ideal inventory for their collection 
date, cores in this study averaged 71% higher.  In all cores where depth of sample testing 
was sufficient, 137Cs activity was insignificant before 1940.  The Upper West (100 
mCi/km2), Middle West (66 mCi/km2), and Upper East (59 mCi/km2) cores had the 
highest inventories.  The Lower West core had an activity deficit with an inventory of 
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Table 4. Accretion rates applicable to given depth interval from 210Pb, 137Cs, and 14C 
dating, corrected for compaction. 
 
 
Dating 
method 
Depth 
interval 
(cm) 
Accretion 
rate 
(cm/yr) 
Corrected 
accretion 
rate 
(cm/yr) 
Upper West Pb-210  N/A N/A 
  Cs-137 0-39 0.886 1.125 
  C-14 0-108 0.116 0.147 
    108-306 0.269 0.340 
        
Upper East Pb-210  N/A N/A 
  Cs-137 0-37 0.841 0.938 
  C-14 0-89 0.094 0.104 
    89-183 1.567 1.747 
    183-259 0.110 0.123 
    259-328 0.092 0.103 
        
Middle West Pb-210  N/A N/A 
  Cs-137 0-29 0.659 0.757 
  C-14 0-89 0.167 0.193 
    89-122 0.082 0.092 
    122-215 0.437 0.509 
        
Middle East Pb-210 13-25 0.518 0.628 
  Cs-137 0-17 0.386 0.469 
  C-14 0-75 0.029 0.035 
    75-151 0.633 0.768 
        
Lower West Pb-210 17-33 0.336 0.401 
  Cs-137 0-23 0.523 0.623 
  C-14 0-282 0.237 0.282 
     
Lower East Pb-210 9-25 0.225 0.257 
  Cs-137 0-27 0.614 0.701 
  C-14 0-91 0.650 0.743 
    91-153 0.077 0.088 
    153-264 0.043 0.049 
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Figure 4. Short-term accretion rates of the upper, middle, and lower estuary.
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Figure 5. 137Cs activity profiles. 
 
 
17 mCi/km2.  However, Miller and Heit’s (1986) time resolution estimation τ, which 
assesses 137Cs mobility, was very small for this core at 5.7 years, suggesting 137Cs peak 
migration was minimal. 
 Both the youngest and oldest 14C samples were found in the Lower East core, 
where a plant fiber sample at 91 cm was dated at 140 years and another plant sample at 
264 cm was dated at 3520 years (Table 5, Fig. 6).  Accretion rates determined from 14C 
ages ranged widely from 0.035 to 1.747 cm/yr and relationships of accretion rates to 
geographical location were unclear.  Mean 14C accretion rate was 0.355 cm/yr, which is 
lower than both mean 210Pb (0.429 cm/yr) and mean 137Cs (0.769 cm/yr) accretion rates.  
Two samples taken from depth 256 cm in the Lower West core were somewhat older  
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Table 5. Corrected 14C ages (in ybp) and corresponding δ13C ratios (in per mil units) from 
given core and sampling depth (in cm), with sample description. 
 
Core Depth Sample type 
Corrected 
age 
Age error d13C 
UW 23 peat modern n/a -21.04 
UW 108 peat 930 30 -26.4 
UW 306 plant matter 1670 35 -16.05 
      
UE 89 peat 950 30 -23.26 
UE 183 peat 1010 30 -26.5 
UE 259 plant matter 1700 30 -13.49 
UE 328 plant matter 2450 35 -25.97 
      
MW 89 plant matter 530 35 -26.19 
MW 122 plant matter 940 35 -28.2 
MW 215 plant matter 1150 35 -27.38 
      
ME 75 peat 2590 30 -27.21 
ME 151 plant matter 2710 30 -26.21 
      
LW 256 plant matter 1190 30 -26.08 
LW 256 plant matter 1240 30 -26.08 
LW 334 plant matter 1140 30 -28.2 
      
LE 91 plant matter 140 35 -12.61 
LE 153 plant matter 950 35 -23.19 
LE 264 plant matter 3520 35 -27.77 
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Figure 6. Radiocarbon ages. Cores are plotted against depth (cm) with 14C ages (ybp). 
UW UE MW ME LW LE 
0 
50 
100 
150 
200 
250 
300 
350 
400 
140 
950 
3520 1190; 1240 
1140 
530 
940 
1150 
2590 
2710 
950 
1010 
1700 
2450 
1670 
<300 
930 
Core IDs 
 
Brown peat 
Dark black peat 
Light clay 
Dark clay 
Sand  
Legend 
D
ep
th
 
 25 
than a deeper sample taken at 334 cm.  However, the dates were similar and the three 
accretion rates were averaged together.  All other 14C ages increased with depth. 
 Samples tested for δ13C fell into two distinct groups.  Only three of the 19 
samples exhibited enriched ratios from -12.61 to -16.05‰, including the youngest sample 
dated at 140 years (Table 5).  The other two enriched samples were from equivalent dates 
(1670 and 1700 years) in the two upper marsh cores.  Depleted ratios from the remaining 
16 samples ranged from -21.04 to -28.2‰. 
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4. DISCUSSION 
4.1. Recent Accretion 
 Accretion varies spatially and temporally due to changing influences.  Evidence 
from 210Pb, 137Cs, and stratigraphy revealed that deposition, erosion, and river input had 
significant impact on recent decadal-scale accretion rates. 
4.1.1. Evaluation of 210Pb and 137Cs Results 
 In three of six cores, the 210Pb activities with depth satisfied the CF:CS model 
assumptions and sediment accretion rates were inferred.  Non-ideal 210Pb behavior (such 
as that found in cores UW, UE, and MW) has been attributed to mixing, variation in 
atmospheric flux due to wind redistribution, migration through the sediment column, 
particle and hydrology characteristics that influence adsorption, rapid or slow 
accumulation, and differences in latitude (Appleby and Piliposian 2006, Charmasson et 
al. 1998, Miguel et al. 2003, Omelchenko et al. 2005, Schottler and Engstrom 2006).  
Brenner et al. (2004) found high and variable levels of 226Ra from introduction of 226Ra-
enriched groundwater in Florida.  Since 210Pb is assumed to be in equilibrium with in situ 
decay of 226Ra, the excessive groundwater complicated estimates of supported 210Pb 
activity.  In Breton Sound, only a fraction of the freshwater is supplied by groundwater 
(Hyfield et al. 2008).  Nevertheless, 226Ra increases non-conservatively in the Mississippi 
River mixing zone, which contains 2 to 5 times more 226Ra than similar systems (Moore 
and Scott 1986) probably from fertilizer production effluent (Kraemer and Curwick 1991, 
Moore 1992).  High and variable levels of 226Ra corresponding with uninterpretable 210Pb 
activity profiles were found in cores UW, UE, and MW. 
 Accretion rates obtained from 137Cs activity peaks in this study compare well to 
those from other studies in Breton Sound (Table 6), where sediment deposition was 
greatest near the estuary head and decreased with increasing distance from the source  
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Table 6. Breton Sound accretion rates in other studies over different time scales. 
Measurement 
Technique 
Time Scale Accretion Rate 
(mm/yr) 
Entire Estuary 
Accretion Rate 
(mm/yr) 
Upper Estuary 
Source 
Feldspar Months 15.3 17.2 DeLaune et al. 2003 
  11.4 11.1 Lane et al. 2006 
137Cs Decades 7.7 10.3 This Study 
  7.5 8.3 DeLaune et al. 2003 
  6.9  Milan et al. 1995 
14C Centuries 3.5  This Study 
 
 
 
(Milan et al.  1995, DeLaune et al. 2003, Wheelock 2003).  Milan et al. (1995) employed 
137Cs to date nine soil cores from southern Breton Sound and found an accretion rate of 
0.50 ± 0.13 cm/yr (minimum rate) to 0.69 ± 0.16 (maximum rate).  DeLaune et al. (2003) 
used twenty cores taken in northern Breton Sound from sites along channel edges to test 
the efficacy of the Caernarvon freshwater diversion in delivering sediment.  The cores 
were split into two categories, upper and lower marsh.  Vertical accretion was determined 
to be 0.66 ± 0.10 cm/yr in the lower basin and 0.83 ± 0.33 cm/yr in the upper basin. 
4.1.2. Effects of Mississippi River Input 
 At the bend in the Mississippi River on the northern end of Breton Sound Basin, 
the river has historically breached the levee such as in 1927 and is presently the site of 
the Caernarvon Freshwater Diversion.  Proximity to this breach point appears to 
influence accretion rates, especially as demonstrated by the highest 137Cs rates in the 
upper coring stations (0.938 to 1.125 cm/yr) compared to lower basin accretion rates 
(0.469 to 0.757 cm/yr). 
 Along east and west axes of sampling (corresponding to the modern dominant 
hydrologic channels in the estuary), no clear geographic pattern of 210Pb and 137Cs 
accretion emerged.  A weak signal indicates mean 210Pb accretion is slightly higher along 
the western axis of sampling.  The western axis is closer to the modern river channel and 
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western coring locations likely received more sediment and nutrients from overbank 
flooding prior to levee fortification in the 1930s.  By 1963, sites along the western axis 
received no fluvial input.  137Cs activity, which produces accretion rates from 1963/64 to 
present, does not reflect greater accretion along the western axis.  On the contrary, mean 
137Cs accretion is higher along the east track, which in recent years receives more 
sediment from diversion pulse events.  Because the diversion began operation in 1991, 
deposition within the estuary between about 1930 and 1990 cannot be attributed to river 
influences, except perhaps during high flow periods when limited discharge may have 
migrated from the lower end of the levee system to the estuary.  Since 137Cs accretion 
rates measure mean accretion since 1963/64, they may be impacted by the diversion.  
However, the diversion could not have influenced accretion measured from 210Pb since 
the mixing depth for 210Pb activity still extends below the depth at which the diversion 
could have increased accretion. 
 Additional evidence for the influence of Caernarvon on the upper marsh is seen in 
the Upper West’s particularly high 137Cs inventory.  Although the inventory surfeit is 
partly due to its high peak activity of 6.54 dpm/g at depth 38 to 40 cm, the activity above 
24 cm accounts for most of the inventory, clearly indicating wash-in of topsoil.  The 
Upper East coring location exhibits a similar increase in activity in recent years.  For both 
of these cores, the increase in 137Cs activity is dated by the time marker of the 1964 137Cs 
peak to within three years of the 1991 opening of the Caernarvon diversion.  In the upper 
marsh, Caernarvon may be contributing to wash-in of topsoil from beyond Breton Sound 
or redistribution and mixing of sediment within Breton Sound.  The other eastern axis 
coring locations also exhibit a slight activity increase in the top-most sediment. 
 Studies employing feldspar markers and sediment traps confirm higher accretion 
rates near the diversion on time scales of weeks to months.  Wheelock (2003) found an 
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average accretion rate of 3.4 cm/yr using feldspar markers and sediment traps with higher 
accretion in the upper marsh closest to the diversion.  Using feldspar markers, DeLaune 
et al. (2003) report an accretion of 1.72 cm/yr in the upper marsh and 1.34 cm/yr farther 
from the diversion.  While short-term accretion close to the diversion is adequate 
compared to a relative sea level rise of 10 mm/yr (Penland and Ramsey 1990, 
Rosenzweig et al. 2007), these rates decrease through time due to decomposition and 
compaction within the buried material.  Consequently, accretion is a non-linear process 
and comparison of short and long-term accretion rates must be carefully considered. 
4.1.3. Event Deposition and Erosion 
 While the previously discussed interpretations of non-ideal 210Pb behavior are 
valid, Hurricane Katrina impact may also be responsible for disturbing the 210Pb record.   
Mixing from the hurricane that passed through Breton Sound six months before coring 
could have rendered 210Pb accretion rates incomprehensible from three of the coring 
stations (UW, UE, and MW).  The upper portion of the estuary was severely damaged by 
the rebounding wave when the storm surge initially struck the Mississippi River levee 
near mile 81.  Unusually long mixing depths (approximately 13 and 17 cm) above the 
decay slope found in two of the other three cores (ME and LW, respectively) may also be 
a product of Hurricane Katrina.  Several of the cores also contained a narrow sand layer 
near the surface that could have been deposited by the hurricane.  Events such as 
Hurricane Katrina play a major role in net accretion rates. 
 Stratigraphic facies indicate accretion was not constant over the decadal time 
scale within the last 100 years. The upper two coring stations (UW, UE) demonstrate 
some similarities in stratigraphy, and changes in depositional regime can be interpreted.  
Since 210Pb accretion rates were not available for these cores, event deposits can only be 
approximated from 137Cs dating in the upper two cores.  The upper sediment layer 
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consists of brown peat mixed with clay.  Both cores contain a layer of fine, light grey 
clay beginning just below the 137Cs peak at 37 and 39 cm.  This layer is marked by an 
increase in density and a sharp decrease in 210Pb and 137Cs activity sharply at the top of 
this layer, indicating an event that deposited subsoil.  This event is 137Cs dated to roughly 
1958 for both cores, although 137Cs dating probably underestimates the age at this depth.  
Two hurricanes made landfall in Louisiana during the this time: both Hurricane Flossy in 
1956 and Hurricane Ethel in 1960 passed immediately to the southeast of Breton Sound 
and likely influenced the facies change. 
 The upper coring stations contain evidence of another depositional event during 
the 20th century.  A light silty clay layer from 76 to 82 cm in core UE and from 75 to 78 
cm in core UW probably represents the 1927 levee crevasse and subsequent three month 
flood from the river into the estuary.  Cable and Day (in preparation) dated sediments in 
the upper estuary and found the top of this same light silty clay layer was deposited 
around 1930±3. 
 Depositional events are apparent throughout all the sediments.  Although the data 
are sometimes insufficient and too complex to interpret all events, the abundance of 
facies changes associate with event layers indicates the significance of powerful storms 
and river floods on marsh elevation.  Stone et al. (1997) discuss the destructive nature of 
hurricanes on coastal systems, but they also note that these storms may import sediment 
as well.  Subsequent compression of the substrate from the weight of imported sediment 
may ultimately nullify accretion (Cahoon et al. 1995).  Factors such as storm intensity 
and orientation as well as proximity to the storm track determine the hurricane’s impact 
on a marsh.  Hurricane deposits may appear in the sediment stratigraphic record as either 
coarse or fine-grained sediment (Halford 1995).  The approach of a hurricane may bring 
coarse-grained sediment while fine-grained material is deposited after the hurricane 
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passes inland.  Hurricanes may deposit sediment on marshes up to 130 km away.  Stone 
et al. (1997) compiled a list of 36 hurricanes that struck Louisiana between 1722 and 
1996, including hurricane category, height of storm surge, and storm track or location or 
landfall.  Several of these, including six hurricanes that passed directly through Breton 
Sound over the past century, may have left deposits or eroded sediment at the study site. 
4.2. Long-term Accretion 
 Spatial and temporal accretion changes are also visible in the long-term sediment 
record.  Stratigraphy, 14C, and δ13C reveal changes in marsh conditions and vertical 
accretion over the long term.  The 14C accretion rates in particular were highly variable 
within and amongst the six sites at 0.35±0.45 cm/yr.  Such a high standard deviation 
reflects the power of processes such as erosional events and delta switching in controlling 
accretion rates. 
4.2.1. Erosion 
 Major erosional events can dramatically alter marsh elevation.  In core UE, 210Pb 
activity is evident to at least 88 cm, suggesting this sediment was deposited this century.  
However, the top of a peat layer beginning at 89 cm was 14C-dated to 950 years ago.  
Samples from deeper in this same sediment layer (1010 years old) and a corresponding 
peat layer beginning at 78 cm in the core UW (930 years old) confirm the 14C age.  The 
evidence indicates a major erosional event mixed and/or erased approximately 1,000 
years of the sedimentary record occurred around the beginning of this century. 
 The lowest 14C accretion rate in the topmost sediments at the Middle East coring 
location also points to relatively recent erosion.  The transition from sand to richly 
organic clay 61 cm deep in this core occurred roughly 117 years ago according to 210Pb 
dating, while 14C dated a sample 75 cm deep to 2,590 ybp.  The Grand Isle Hurricane of 
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1915 and the Fort Lauderdale Hurricane of 1947 are considered some of the worst 
weather events on record in Southeast Louisiana.  These events and others affected 
Breton Sound and might be responsible for eroding a meter or more of sediment. 
 As with 137Cs dating, 14C accretion rates obtained from time markers cannot 
quantitatively reflect erosional events without additional historical information and 
conclusions on changing accretion rates must be applied cautiously.  An especially low 
accretion rate of 0.088 cm/yr from 91 to 153 cm in the Lower East core was obtained 
from 14C samples from these depths dated to 140 and 950 ybp.  This interval likely 
indicates a major erosional event prior to 140 ybp.  Another low accretion rate of 0.123 
cm/yr over the interval 183 to 259 cm in the Upper East core from 1700 to 1010 ybp 
might also be due to an erosional event.  On the other hand, genuinely slow marsh 
accretion may have occurred during this period of river abandonment when even northern 
Breton Sound was brackish or salt marsh. 
4.2.2. Delta Cycling 
 In contrast to 14C samples from different stratigraphic layers, multiple 14C samples 
taken from the same stratigraphic layer yield a higher average accretion rate and may 
represent historic accretion undisturbed by appreciable erosion events.  The accretion rate 
in the Middle East coring location from 75 to 151 cm measured 0.768 cm/yr during a 
period of alternating fluvial sand and clay laminates.  This uninterrupted accretion rate 
juxtaposed with other long-term accretion rates demonstrates the potential of erosional 
events to control long-term accretion. 
 Other high 14C accretion rates may signal periods of high fluvial input and 
productivity.  The highest 14C accretion rate at 1.747 cm/yr comes from the Upper East 
coring location where samples at 89 and 183 cm were dated to 950 and 1010 ybp.  The 
intervening sediment is primarily peat, indicating conditions highly favorable for organic 
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accretion produced the high accretion rate rather than a single event deposit.  The 
remaining above average 14C accretion rates come from the same historical period in the 
Upper West, Middle West, and Lower West coring locations.  This period coincides with 
the recapturing of the Mississippi River and initial progradation of the modern Balize 
delta. 
 The stratigraphy within Breton Sound reflects the effects of the delta cycle on 
accretion rates of the centennial time scale.  In Breton Sound, delta building occurred on 
the inner shelf, forming a thin, large area where progradation probably occurred rapidly 
through numerous distributaries that often cut through underlying deposits (Roberts 
1997).  Soil borings of delta progradation in river-dominated delta lobes, including some 
from the St. Bernard delta, show an upward progression of silty clays buried by silty 
sands.  At this point aggradation slows but continues as the clays are compressed by sand 
to form upper-delta-plain facies (Frazier 1967).  These stages of stratigraphy may be 
evident in a range of spatial scales, including delta complexes and delta lobes as well as 
subdeltas and crevasse splays (Roberts 1997).  Several of the cores in this study display a 
pattern of initial fine-grained deposits near the bottom of the core from overbank flooding 
or a distant crevasse interspersed with coarser sediments indicating close proximity to a 
crevasse.  With time, the coarse sediment layers increase in width and quantity indicating 
a widening crevasse and faster accretion.  Unless the sediments are eroded and the 
process begins again, the surface eventually reaches sufficient elevation that accretion 
slows, controlled primarily by marsh growth.  This succession is especially apparent in 
the Middle East coring location, where smooth grey clay from 345 to 258 cm is buried by 
clay with increasing sand layers until accretion occurs rapidly at 0.768 cm/yr from 151 to 
75 cm.  Subsequent dark clay and peat cover the deeper sediment deposits. 
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4.2.3. Freshwater and salt marsh response to delta switching 
 While stratigraphy and 14C demonstrate the delta cycle’s influence on long-term 
accretion rates, evidence from δ13C reveals the delta cycle’s impact on marsh conditions 
(Fig. 7).  Depleted δ13C, indicating freshwater marsh, was consistent with periods of delta 
progradation determined by previous stratigraphic research on delta complexes formed at 
this site during the Holocene.  Two cycles of delta progradation and abandonment 
coinciding with the St. Bernard and Balize delta complex history can be distinguished 
based on radiocarbon and δ13C data in this study.  The St. Bernard delta began 
progradation 4000 ybp (Roberts 1997), and the oldest 14C sample yielded an age of 3520 
ybp, which places the LE coring location within the St. Bernard deltaic complex and  
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Figure 7. Marsh type response to delta switching. δ13C ratios are plotted against their 
corresponding 14C ages.  Highlighted areas represent periods of Balize and St. Bernard 
delta progradation.  Highly negative δ13C ratios indicate freshwater marsh and less 
negative ratios indicate brackish or salt marsh. 
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indicates freshwater marsh extended beyond this location during this period.  Depleted 
δ13C of samples dated to 2450, 2590, and 2710 ybp in the ME and UE cores also 
indicates freshwater marsh. 
  Following progradation of the St. Bernard delta complex and the resulting 
inefficient flow, the Mississippi River switched to the LaFourche delta.  The suggested 
time frame for this switch varies by about 300 years: 2000 ybp (Roberts 1997), 1850 ybp 
(Reed 2002), 1795 ybp (Frazier 1967), or 1700 ybp (Coleman and Gagliano 1964).  After 
the St. Bernard delta was abandoned, this region would have begun a gradual decline in 
freshwater marsh area as the salt marsh migrated northward.  Two of the three enriched 
samples (δ13C ratios of -16.05 and -13.49‰ from the UE and UW cores respectively) 
occur in cores retrieved from the upper estuary.  These samples date to 1670 and 1700 
ybp, respectively, supporting the hypothesis that brackish or salt marsh expanded north 
beyond the upper two coring stations during this time period. 
 When the Mississippi River abandoned the LaFourche delta and switched to its 
modern channel, a second period of fluvial freshwater input began in Breton Sound.  The 
earliest record of the modern Balize delta complex in other research ranges from 800 to 
1000 ybp (Reed 2002, Frazier 1967, Roberts 1997).  Three samples in this study with 
depleted δ13C buried 1010, 1140, 1150 ybp suggest freshwater marsh extended 
throughout Breton Sound as far as the Lower West coring location earlier than reported in 
these previous studies.  Two older samples from the same depth in the Lower West core 
dated to 1190 and 1240 ybp also have depleted δ13C ratios, but may have been reworked 
from outside the marsh, reflected by the younger sample underlying this depth.  Six 
additional depleted samples demonstrate that freshwater marsh continued to extend 
throughout the study site during Balize progradation.  The youngest of these samples was 
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too modern for radiocarbon dating and was taken from the Upper West core where the 
marsh remains fresh.  Another relatively young sample indicates that by 140 ybp, 
brackish or salt marsh had expanded at least as far as the Lower East coring station, 
where today the marsh is still dominated by Spartina alterniflora.  By this time, rising sea 
level combined with insufficient input from the Mississippi River combined to induce 
retreat of the freshwater marsh, although Breton Sound still received fluvial input 
especially during spring flood events. 
4.3. Comparing Accretion Rates Over Time Scales 
 Compaction, consolidation, and decomposition also affect the long-term 
stratigraphic record and lower accretion rates over increasing time scales.  Comparing 
accretion rates over different time scales involves many complex factors.  To investigate 
these factors, Sadler (1981) compared 25,000 accretion rates from 700 sources spanning 
eleven orders of magnitude.  Enormous variation resulted mainly from discontinuous 
sedimentation including erosion effects and changing circumstances as formerly 
discussed.  In addition to discontinuous sedimentation and measurement error, variation 
was also credited to compaction.   To further complicate the comparison over a range of 
time scales, these processes affect different sediment types to different degrees, and they 
also occur rapidly at first but continue to have an affect at all depths. 
 One indication of compaction is the significant difference between mean shallow 
and mean deep porosities (p=0.0131).  Lower porosity exhibited deeper in the sediment 
implies void space has been squeezed out, and sediment volume is consequentially 
decreased. 
 Of the three radioisotope methods, 137Cs measures the most recent accretion from 
1963/4 to present, 210Pb measures accretion from 100 to 20 ybp, and 14C measures 
accretion from 3500 ybp to the present.  Since 14C measures much accretion over a much 
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longer time scale, we expect these rates to be lower on average.  Mean accretion 
measured with 137Cs (7.7 mm/yr) was highest of the three radioisotope methods, followed 
by 210Pb rates (4.3 mm/yr), with 14C rates (3.5 mm/yr) averaging highest.  Although 
short-term accretion measured with 137Cs (n=6) was not significantly different from long-
term accretion measured with 14C below 100 cm with 14C (n=9) (p=0.2817), the sample 
size was small.  Additionally, 14C measures accretion through a range of conditions, 
while 137Cs measures accretion only during the recent period of low fluvial input. 
 To compare historical rates of accretion to present or predicted rates of sea level 
rise in the outer Bay of Fundy, Chmura et al. (2001) used pollen analysis, but deferred to 
the decadal time scale by using 210Pb and 137Cs.  They report an accretion of 1.3 ± 0.4 to 
4.4 ± 1.6 mm/yr over the last two centuries (Table 7).  Since nearby sea level data 
showed a similar rate of increase, they concluded that accretion at their site was in 
equilibrium with sea level rise.  Roman et al. (1997) compared present relative sea level 
rise of 2.4 mm/yr from Boston tide gauge records to accretion in a Massachusetts salt  
 
Table 7. Other studies’ comparisons of accretion and relative sea level rise (RSLR) (in 
mm/yr) ordered with respect to time scale, starting with recent short-term accretion rates 
at the top. 
 
  
Sweet Hall 
Marsh, Virginia 
(Neubauer et 
al. 2002) 
Massachusetts 
salt marsh 
(Roman et al. 
1997) 
Bay of Fundy 
salt marshes, 
New Brunswick 
(Chmura et al. 
2001) 
Breton Sound, 
Louisiana              
(this study) 
7Be 28.4       
Feldspar   6.7     
137Cs 8.4 - 8.5 3.8-4.5 1.7 7.69 
210Pb   2.6-4.2 1.6 4.29 
14C 1.5 - 5.5 1.0-3.4   3.55 
RSLR 4.5 - 6 2.4 ~0.2 10 
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marsh found using 14C, 137Cs, 210Pb, and feldspar markers.  Feldspar marker data vary, 
but accretion did not exceed 6.7 mm/yr when storms did not interfere.  210Pb and 137Cs 
data showed accretion rates of 2.6 to 4.2 mm/yr and 3.8 to 4.5 mm/yr, respectively, while 
radiocarbon accretion was 3.4 to 1.0 mm/yr for the past 290 to 1200 years, depending on 
the site.  The authors concluded that 210Pb and 137Cs dating are best for comparison to sea 
level rise.  A third study at Sweet Hall Marsh, Virginia by Neubauer et al. (2002) found 
accretion rates from 7Be (28.4 mm/yr), 137Cs (8.4-8.5 mm/yr), and 14C (1.5-5.5 mm/yr).  
As in the previous studies, the researchers chose to compare the rate of relative sea level 
rise (4.5-6 mm/yr) to the decadal scale accretion rate measured with 137Cs. 
These three studies were performed in wetland along the U.S. Atlantic coast 
where rates of relative sea level rise are not as high as that of Louisiana, so their rates of 
accretion were sufficient to offset inundation.  While the authors of these studies chose to 
compare decadal-scale rates of accretion to sea level rise, accretion rates obtained from 
14C dating may be more representative of long-term accretion.  Nevertheless, long-term 
rates from the Atlantic marshes studied also compare favorably to rates of sea level rise.  
On the contrary, Louisiana’s relative sea level rise is so high that neither short-term nor 
long-term accretion rates are sufficient. 
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5. CONCLUSION 
 Accretion and resultant surface elevation vary in Breton Sound wetlands due to 
changing processes and pulse events.  With current conditions of limited Mississippi 
River input creating conditions of the abandonment stage of the delta cycle, disturbance 
from human activity, and accelerated relative sea level rise, the threat to Breton Sound’s 
sustainability is evident.  The Caernarvon Freshwater Diversion’s effect on accretion 
rates is positive but not substantial enough to enable marsh surface elevation to keep pace 
with accelerated relative sea level rise.  Given current conditions, plant stress and 
increased flooding will continue to allow surface elevation to fall below the tidal range, 
resulting in peat collapse and sediment erosion throughout most of Breton Sound. 
 Accretion rates are even lower when measured over the long term.  Short-term 
measurements of accretion include organic matter that will eventually decay and void 
space that will eventually be squeezed out, so they fail to represent long-term 
sustainability.  Removing the difference in mean lower core %OM and fraction porosity 
from the surface sediments illustrates the eventual decrease in accretion.  The mean 137Cs 
accretion rate minus roughly estimated consolidation (to porosity of 0.54) and 
decomposition (to 6.4% OM) drops from 0.77 cm/yr (σ=0.23) to 0.47 cm/yr (σ=0.25), 
even more inadequate for keeping pace with sea level. 
Long-term measurements of accretion are most applicable for assessing coastal 
sustainability relative to sea level.  Long-term mean accretion (0.355 cm/yr, σ=0.45) is 
substantially lower than modern rates of relative sea level rise (approximately 1 cm/yr 
and predicted to increase), implying that rapid accretion is needed to keep pace with sea 
level. 
One preservation strategy is increasing Mississippi River input to replicate pre-
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20th century conditions of delta progradation.  The Caernarvon Freshwater Diversion’s 
role in implementing this strategy has been examined.  To preserve all of Breton Sound’s 
1100 km2 land surface area (Lane et al. 2004), 7.4 x 106 tons sediment/yr would be 
needed to contribute 10 mm long-term accretion annually, allowing the marsh surface 
elevation to keep pace with modern rates of relative sea level rise.  This is equivalent to 
sixteen diversions similar to Caernarvon, each diverting 4.5 tons sediment/yr, a maximum 
possible rate reported by Snedden et al. (2007).  Decomposition and dewatering were 
incorporated into this figure to simulate long-term accretion.  While organic accretion is 
essential in adjusting marsh elevation to subdecadal fluctuations in sea level, it has only a 
small effect over the long term.  Only 6.4% is subtracted from total sediment volume 
needed, assuming all but 6.4% (mean deep % OM in this study) organic matter will 
decompose.  To adjust for dewatering, mean deep porosity of .54 was applied.  The total 
7.4 x 106 tons sediment/yr actually underestimates required sediment diversion, because 
it assumes perfect capture efficiency and uniform distribution over the entire marsh, 
although sediment from Caernarvon is only deposited in the upper estuary (Wheelock 
2003). 
If we consider only the upper estuary, Caernarvon could successfully preserve the 
nearest 57 km2 with 3.8 x 105 tons sediment/yr, or 177 days of pulsed flooding annually.  
In addition to the above assumptions and long-term corrections, this figure assumes mean 
river water discharge of 1.81 x 104 m3/s, mean diversion discharge of 184 m3/s, and mean 
TSS of 125 mg/L for a total of 1.98 metric tons sediment/day as observed by Snedden et 
al. (2007) in early spring of the years 2002 and 2003.  Pulsed diversions only occurred 
for 28 days during each of these years, so Snedden et al. likewise concluded that the 
diversion was inadequate to offset relative sea level rise at current operating levels but 
that the upper marsh could be preserved if the number of pulsed diversion events 
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increased. 
 While increasing discharge through the Caernarvon Freshwater Diversion could 
enhance accretion in the nearby marshes enough to preserve them, accretion in Breton 
Sound is presently insufficient to offset rising sea level especially when considered over 
the long term.  Because mineral sediment is key to long-term accretion, input from the 
Mississippi River must be a component of the preservation strategy for Breton Sound.  
Other strategies should be employed in conjunction with diverted Mississippi River 
water, such as restoring suspended sediment loading in the Mississippi, installing 
numerous smaller-scale sediment diversions, and local hydrological restoration. 
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APPENDIX: SUPPLEMENTARY DATA 
 
Table 8. Porosity of the upper 50 to 90 cm based on density measurement and fraction 
water. 
 
Depth 
Upper 
West 
Upper 
East 
Middle 
West 
Middle 
East 
Lower 
West 
Lower 
East 
0-2 cm 0.54 0.77 0.77 0.76 0.51 0.77 
2-4 cm 0.68 0.72 0.65 0.75 0.73 0.69 
4-6 cm 0.77 0.72 0.74 0.74 0.45 0.84 
6-8 cm 0.82 0.79 0.76 0.65 0.61 0.83 
8-10 cm 0.79 0.82 0.78 0.77 0.61 0.86 
10-12 cm 0.78 0.82 0.80 0.77 0.66 0.85 
12-14 cm 0.80 0.72 0.74 0.74 0.69 0.84 
14-16 cm 0.80 0.79 0.82 0.86 0.65 0.81 
16-18 cm 0.82 0.78 0.81 0.86 0.66 0.80 
18-20 cm 0.81 0.72 0.80 0.86 0.71 0.75 
20-22 cm 0.81 0.73 0.82 0.84 0.66 0.72 
22-24 cm 0.79 0.70 0.82 0.80 0.68 0.64 
24-26 cm 0.77 0.81 0.79 0.71 0.70 0.78 
26-28 cm 0.71 0.79 0.73 0.84 0.66 0.81 
28-30 cm 0.70 0.78 0.76 0.86 0.67 0.74 
30-32 cm 0.57 0.82 0.80 0.85 0.66 0.77 
32-34 cm 0.62 0.83 0.74 0.85 0.67 0.76 
34-36 cm 0.70 0.84 0.76 0.86 0.66 0.76 
36-38 cm 0.76 0.82 0.77 0.84 0.62 0.73 
38-40 cm 0.67 0.74 0.66 0.82 0.61 0.74 
40-42 cm 0.73 0.63 0.72 0.79 0.54 0.74 
42-44 cm 0.55  0.78 0.74 0.54 0.74 
44-46 cm 0.56  0.81 0.73 0.55 0.74 
46-48 cm 0.57  0.83 0.74 0.56 0.76 
48-50 cm 0.59  0.85 0.72 0.58 0.75 
82-84 cm  0.59     
84-86 cm  0.65     
86-88 cm  0.71     
88-90 cm   0.81         
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Figure 8. Porosity measured for the whole core by the GEOTEK core logger and porosity 
for the upper 50 cm in the lab based on density and fraction water. 
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8.2. Porosity for Upper East core. 
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8.3. Porosity for Middle West core. 
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8.4. Porosity for Middle East core. 
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8.5. Porosity for Lower West core. 
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8.6. Porosity for Lower East core. 
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Table 9. Wet bulk density of the upper 50 to 90 cm. 
 
Depth 
Upper 
West 
Upper 
East 
Middle 
West 
Middle 
East 
Lower 
West 
Lower 
East 
0-2 cm 1.08 1.09 1.06 1.05 1.29 1.06 
2-4 cm 1.07 1.04 1.11 1.05 1.14 1.10 
4-6 cm 1.04 1.06 1.08 1.06 1.28 1.05 
6-8 cm 1.03 1.06 1.05 1.11 1.20 1.05 
8-10 cm 1.03 1.03 1.05 1.06 1.24 1.04 
10-12 cm 1.01 1.04 1.06 1.07 1.17 1.04 
12-14 cm 1.04 1.08 1.07 1.07 1.16 1.04 
14-16 cm 1.03 1.05 1.05 1.04 1.16 1.05 
16-18 cm 1.02 1.03 1.05 1.03 1.11 1.05 
18-20 cm 1.03 1.08 1.04 1.03 1.12 1.06 
20-22 cm 1.03 1.08 1.04 1.03 1.11 1.08 
22-24 cm 1.03 1.09 1.05 1.06 1.11 1.13 
24-26 cm 1.05 1.06 1.05 1.08 1.12 1.08 
26-28 cm 1.05 1.05 1.06 1.05 1.12 1.06 
28-30 cm 1.06 1.07 1.07 1.03 1.12 1.06 
30-32 cm 1.17 1.04 1.06 1.02 1.14 1.07 
32-34 cm 1.14 1.03 1.09 1.03 1.13 1.09 
34-36 cm 1.08 1.04 1.06 1.03 1.16 1.09 
36-38 cm 1.04 1.04 1.06 1.03 1.16 1.09 
38-40 cm 1.08 1.08 1.10 1.04 1.25 1.10 
40-42 cm 1.12 1.15 1.09 1.04 1.27 1.09 
42-44 cm 1.13  1.07 1.07 1.25 1.09 
44-46 cm 1.19  1.05 1.07 1.24 1.08 
46-48 cm 1.14  1.04 1.08 1.23 1.07 
48-50 cm 1.10  1.04 1.03 1.25 1.06 
82-84 cm  1.21     
84-86 cm  1.12     
86-88 cm  1.08     
88-90 cm   1.06         
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Figure 9. Wet bulk density of the upper 50 cm. 
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Figure 10. 210Pb and 137Cs activity. 
 
10.1. Core UW 
Mid-
depth 
(cm) 
Pb-210 
activity 
(dpm/g) 
Pb-210 
error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 7.211475 1.872307 1.075121 0.137766 1.975674 
5 5.870352 2.434427 1.735207 0.188263 1.769915 
9 7.538398 2.390898 2.167584 0.184828 2.020010 
13 8.088912 3.014649 2.030432 0.229724 2.090494 
15 10.167847 2.499703 2.195136 0.188937 2.319230 
19 9.540706 2.791903 1.967905 0.212590 2.255568 
23 10.349715 2.947004 1.628422 0.220877 2.336959 
27 7.595981 2.233941 0.227364 0.152945 2.027619 
31 3.432000 1.617393 0.244389 0.118028 1.233143 
35 7.305268 2.155940 0.507066 0.152577 1.988596 
39 7.263269 1.802668 6.546003 0.158932 1.982830 
43 0.214134 1.642837 0.411057 0.120052 -1.541155 
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10.2. Core UE 210Pb and 137Cs activity. 
 
Mid-
depth 
(cm) 
Pb-210 
activity 
(dpm/g) 
Pb-210 
error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 6.697568 2.072847 0.898714 0.152487 1.901744 
5 5.308215 2.051765 0.698861 0.147744 1.669256 
9 10.325831 2.678646 0.951641 0.198438 2.334649 
13 3.978591 1.926390 0.603173 0.139341 1.380928 
17 6.207360 2.410536 0.106294 0.173473 1.825736 
21 3.269195 2.017986 0.260074 0.145324 1.184544 
25 5.529045 2.623081 0.410987 0.187069 1.710015 
29 3.879976 2.270256 0.347099 0.163943 1.355829 
33 5.510509 2.343333 2.377797 0.179310 1.706657 
37 7.014898 2.239094 4.615098 0.186794 1.948036 
39 5.942594 1.938793 2.253352 0.152230 1.782146 
41 1.388672 1.876034 0.374153 0.134336 0.328348 
83 0.612815 1.653161 0.015801 0.117578 -0.489691 
85 -0.904769 1.724223 0.094597 0.121693 0.000000 
89 2.154966 2.114088 0.100724 0.151580 0.767775 
 
 
Core UE 
Cs-137 Activity 
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10.3. Core MW 210Pb and 137Cs activity. 
 
Mid-
depth 
(cm) 
Pb-210 
activity 
(dpm/g) 
Pb-210 
error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 5.308872 2.173396 0.372847 0.156798 1.669379 
5 11.710377 2.064672 0.377475 0.146270 2.460475 
9 10.760285 2.087010 0.470179 0.150197 2.375862 
13 9.195840 1.840911 0.509229 0.132770 2.218751 
17 10.210646 2.219982 0.487269 0.160940 2.323431 
21 8.732114 2.252104 0.803910 0.165031 2.167007 
25 9.396824 2.000074 1.952330 0.153025 2.240372 
27 3.612342 1.746213 2.472840 0.139678 1.284356 
29 2.772092 1.783739 4.386645 0.152769 1.019602 
33 3.562340 1.719581 0.595202 0.125870 1.270418 
37 4.051907 1.845214 0.254389 0.133829 1.399188 
41 0.956314 1.585695 0.131443 0.114727 -0.044669 
45 2.613598 2.022456 0.133598 0.140474 0.960728 
49 3.821480 2.207126 0.081750 0.159237 1.340638 
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10.4. Core ME 210Pb and 137Cs activity. 
 
Mid-
depth 
(cm) 
Pb-210 
activity 
(dpm/g) 
Pb-210 
error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 5.760901 2.182824 0.539162 0.159029 1.751094 
5 5.727823 2.017858 0.315405 0.146110 1.745336 
9 5.281088 2.044732 0.367051 0.147321 1.664132 
13 7.202872 2.093441 0.479800 0.151730 1.974480 
17 4.383399 2.052859 3.108831 0.167692 1.477824 
21 3.444603 2.059385 0.915519 0.154759 1.236809 
25 2.449249 2.055435 0.162620 0.147673 0.895781 
29 2.877760 2.005009 0.104397 0.145640 1.057012 
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10.5. Core LW 210Pb and 137Cs activity. 
 
Mid-
Depth 
(cm) 
Pb-210 
Activity 
(dpm/g) 
Pb-210 
Error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 2.334497 1.548031 0.149817 0.110046 0.847796 
5 1.171759 1.506790 0.056212 0.108425 0.158506 
9 3.736996 1.767575 0.086645 0.123588 1.318282 
13 6.288502 1.806215 0.113622 0.129483 1.838723 
17 6.694499 1.770048 0.266305 0.127195 1.901286 
21 2.468323 1.675932 0.647369 0.123891 0.903539 
23 2.428657 1.922696 1.090921 0.146599 0.887339 
25 1.840451 1.848192 0.545989 0.131372 0.610011 
29 0.977313 1.592128 0.063274 0.114875 -0.022948 
33 0.733872 1.602372 -0.015678 0.115820 -0.309420 
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10.6. Core LE 210Pb and 137Cs activity. 
 
Mid-
depth 
(cm) 
Pb-210 
activity 
(dpm/g) 
Pb-210 
error 
(dpm/g) 
Cs-137 
activity 
(dpm/g) 
Cs-137 
error 
(dpm/g) 
LN 
excess 
Pb-210 
activity 
1 4.489759 1.960826 0.431091 0.138388 1.501799 
5 6.625715 2.791298 0.138371 0.197849 1.890958 
9 11.421136 3.532743 0.209802 0.252552 2.435466 
13 8.280953 2.627416 0.373276 0.189926 2.113958 
17 3.230418 2.360508 1.079439 0.174128 1.172611 
21 -0.195442 1.881366 0.991831 0.139853 #NUM! 
25 0.604174 2.489647 1.979204 0.192215 -0.503893 
27 0.638694 2.368130 2.631071 0.212260 -0.448330 
29 0.673214 2.246612 0.979542 0.166149 -0.395693 
33 2.475018 1.807509 0.360122 0.131398 0.906248 
 
 
  
Core LE 
Cs-137 Activity 
 61 
Table 10. Correcting 14C ages. 
 
Sample 
name 
d13C  
Fraction 
Modern 
Fm 
Error  
Age  
Age 
error 
Revised 
FM 
delta 
C-14 
Corrected 
age 
1 -27.77 0.6146 0.0026 3910 35 0.6181 -386.1 3520 
2 -23.19 0.8734 0.0039 1090 35 0.8702 -135.8 954 
3 -26.08 0.8449 0.0033 1350 30 0.8468 -159.0 1190 
4 -12.61 0.9755 0.0044 200 35 0.9512 -55.37 145 
5 -28.2 0.8515 0.0031 1290 30 0.8571 -148.8 1140 
6 -28.2 0.8762 0.0036 1060 35 0.8820 -124.1 936 
7 -27.38 0.8507 0.0039 1300 35 0.8549 -151.0 1150 
8 -26.19 0.927 0.0042 610 35 0.9293 -77.12 533 
9 -26.21 0.686 0.0027 3030 30 0.6877 -317.0 2710 
10 -26.4 0.8762 0.0034 1060 30 0.8787 -127.3 933 
11 -16.05 0.7893 0.0037 1900 35 0.7750 -230.3 1670 
12 -13.49 0.785 0.0029 1940 30 0.7668 -238.5 1700 
13 -26.5 0.8665 0.0035 1150 30 0.8692 -136.8 1010 
14 -25.97 0.7111 0.0033 2740 35 0.7125 -292.4 2450 
15 -26.08 0.8386 0.0029 1410 30 0.8405 -165.3 1250 
16 -27.21 0.6979 0.0026 2890 30 0.7011 -303.7 2590 
17 -21.04 1.1051 0.0038 modern N/A 1.0962 88.64 modern 
18 -23.26 0.8742 0.0033 1080 30 0.8711 -134.9 945 
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Figure 11. Core images with diagrams of observed stratigraphy plotted against depth 
(cm).  Also reported are Description of observed stratigraphy, %OM, and grain size.  
Grain size is reported as % coarser than 4φ (sand and organic matter), % between 4 and 
8φ (silt), and % finer than 8φ (clay). 
 
 
Stratigraphy diagram legend: 
Brown peat 
Dark black peat 
Light clay 
Dark clay 
Sand with thin clay layers 
Legend 
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11.1. Core UW 
 
0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
0-2: Brown clay; 33% <4φ, 30% 4-8φ, 37% >8φ 
       Smooth transition 
2-29: Root mat with brown clay; 33% OM 
29-34: Light brown clay; 8% <4φ, 33% 4-8φ, 60% >8φ 
34-59: Dark clay with organic remains; 10% OM 
59-68: Grey clay 
68-75: Peat 
75-78: Clay 
78-108: Peat; 58% OM 
 
 
 
 
 
108-324: Grey clay with organic remains; 
               3% <4φ, 25% 4-8φ, 71% >8φ; 
               5% OM 
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11.2. Core UE 
 
 
 
 
 
0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
0-40: Brown clay with roots; 
         17% <4φ, 51% 4-8φ, 31% >8φ; 
         14% OM 
 
 
40-76: Silt; 11% <4φ, 67% 4-8φ, 22% >8φ; 
            2% OM 
            Smooth transition 
76-82: Light clay; 6% <4φ, 53% 4-8φ, 41% >8φ 
82-89: Black clay with organic remains 
89-167: Peat; 50% OM 
167-172: Smooth transition 
172-174: Black clay; 27% <4φ, 10% 4-8φ, 63% >8φ 
174-184: Clay with organic remains 
184-211: Grey clay; 8% <4φ, 36% 4-8φ, 56% >8φ; 
               14% OM 
 211-214: Light grey clay; 
                7% <4φ, 27% 4-8φ, 66% >8φ 
214-220: Grey clay 
220-288: Black clay with organic remains; 
                23% <4φ, 33% 4-8φ, 44% >8φ; 31% OM 
288-328: Smooth peat; 29% <4φ, 26% 4-8φ, 45% >8φ 
328-337: Black clay 
337-342: Grey clay 
342-347: Silt 
347-356: Grey clay 
356-363: Silt; 1% OM 
363-365: Grey clay 
365-382: Silt; 12% <4φ, 72% 4-8φ, 17% >8φ 
382-385: Grey clay 
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11.3. Core MW 
0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
 
0-3: Brown clayish peat 
3-4: Sand 
4-5: Dark brown clayish peat 
5-32: Brown clayish peat 
          Smooth transition 
39-42: Light grey clay with roots 
42-59: Dark grey clayish peat 
59-90: Black clayish peat; 
           15% <4φ, 43% 4-8φ, 15% >8φ; 29% OM 
 
90-100: Brown clay 
100-103: Grey clay 
103-111: Brown clay 
111-191: Grey clay; 
                6% <4φ, 15% 4-8φ, 79% >8φ; 7% OM 
191-214: Silt 
214-366: Narrow sand and clay laminates; 3% OM 
366-374: Sand 
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11.4. Core ME 0-6: Organic remains and clay; 21% OM 
6-7: Sand 
7-17: Dark clay; 29% <4φ, 44% 4-8φ, 27% >8φ 
17-26: Grey clay; 16% OM 
26-32: Black clay 
32-40: Peat; 44% OM 
40-61: Smooth black clay; 
            5% <4φ, 11% 4-8φ, 84% >8φ; 18% OM 
61-74: Grey clay 
74-105: Organic silt 
105-136: Sand and clay laminates 
136-200: Sand with some narrow clay layers; 
               90% <4φ, 10% 4-8φ, 0% >8φ; 1% OM 
               Smooth transition 
200-258: Clay with narrow sand layers 
 
 
 
 
 
 
258-345: Smooth grey clay; 
                2% <4φ, 37% 4-8φ, 61% >8φ; 3% OM 
0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
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11.5. Core LW 
0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
0-1: Brown clay with roots 
1-2: Sand 
2-5: Brown clay with roots 
5-7: Blended sand 
7-29: Brown clay with roots 
29-30: Light grey clay 
30-32: Brown clay 
32-85: Grey clay with a few organic remains; 
            6% <4φ, 42% 4-8φ, 52% >8φ; 5% OM 
85-120: Light grey clay with oxidized rhizospheres 
120-147: Light grey clay, oxidized rhizospheres, a few 
               sand deposits; 18% <4φ, 49% 4-8φ, 33% >8φ; 
               3% OM 
 
147-318: Silty grey clay with sand laminates 
                Smooth transition 
 
318-339: Sand with clay laminates; 3% OM 
 68 
 
11.6. Core LE 
 
 0-- 
50-- 
100-- 
150-- 
200-- 
250-- 
300-- 
350-- 
 
400-- 
0-32: Roots with brown clay 
        At 3: Sand 
        At 23-25: Blended sand 
32-36: Light grey clay with roots 
36-81: Brown clay with roots; 
            30% <4φ, 45% 4-8φ, 25% >8φ 
            At 64: Sand burying thin black clay layer; 
            9% OM 
81-85: Light grey clay with roots 
            Sharp transition 
85-91: Brown clay with roots 
91-120: Clayish peat; 37% OM 
 
120-132: Brown clay; 16% OM 
132-137: Peat 
137-176: Brown clay 
176-177: Blended sand 
177-181: Grey and black clay 
 
 
181-293: Sand with clay laminates; 
               89% <4φ, 0% 4-8φ, 10% >8φ; 1% OM 
293-308: Clay; 7% <4φ, 60% 4-8φ, 33% >8φ; 
                5% OM 
308-365: Sand and clay laminates 
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